h i g h l i g h t s
We used isotopic ''fingerprinting'' to measure carnivore trophic identity. Our hybrid method provided greater accuracy than conventional approaches. We developed a new framework to contextualize consumer roles in crop protection. Generalist predators were characterized as beneficial, neutral, or pests. Carnivores indirectly protect plants by reducing herbivory. This important ecosystem service can be undermined, however, as carnivores feed upon fellow carnivores. Such intraguild predation is exceedingly common, yet measurement of the degree to which this occurs has remained elusive due to difficulties in measuring the trophic tendencies of free-roaming animals. Conventional molecular methods, such as bulk-isotopic analyses, do not produce reliably accurate trophic position estimates, and often the inaccuracy is substantial. With the advent of compound-specific isotopic analysis (CSIA), it is now possible to accurately quantify the lifetime trophic tendencies of wild carnivore populations. Unfortunately, CSIA is extraordinarily expensive and time-consuming, limiting the number of samples that can be analyzed. The need for high-quality trophic information has to be balanced with the inaccessibility of CSIA. Here, we propose coupling CSIA-derived trophic position estimates with conventional bulk-15 N analysis, effectively calibrating site-specific bulk-15 N data and thereby allowing for trophic position estimation using bulk data alone. We also create a framework that uses trophic position as a basis to characterize carnivores as beneficial for crop protection. Within an agricultural field, we demonstrated the utility of this new approach by measuring the trophic positions of six common arthropod species. We then compare these trophic position estimates to those deriving from conventional bulk-15 N analysis.
g r a p h i c a l a b s t r a c t

Consumer trophic position
Our hybrid approach produced more accurate trophic position estimates than the stand-alone bulk-15 N method. Ultimately, we were able to examine enough specimens to determine which carnivore populations were likely beneficial for plant protection, and which were not.
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Introduction
Carnivory shapes herbivore communities, protects plants, and structures ecosystems (Bruno and Cardinale, 2008; Estes et al., 2011 ), yet our capacity to measure the trophic tendencies of wild, free-ranging carnivores remains nascent (Cohen et al., 1993; Kinzig et al., 2001; Polis and Strong, 1996) . Within agricultural systems, it is particularly important to understand carnivore trophic function because natural enemy feeding patterns can impact crop productivity (Rosenheim et al., 1995; Vance-Chalcraft et al., 2007) . Biological control is founded on this concept, and farmers have long benefitted from having carnivorous animals in their fields. At the same time, it is widely known that many carnivores are opportunists and readily attack fellow carnivores (Bruno and Cardinale, 2008; Polis, 1991; Rosenheim, 1998) . Such intraguild predation is commonly found among most major animal taxa (Rosenheim, 1998) and can temper the benefits of biological control (Finke and Denno, 2005) . Thus, intraguild predators may simultaneously protect plants while undermining plant protection (Fig. 1a) , effectively straddling dual identities as pests and beneficial organisms. For biological control programs, or any ecosystem management strategy, it is worth considering the precise trophic tendencies of the predominant taxa in the resident carnivore community because certain taxa may be highly disruptive to biological control programs (Straub et al., 2008; Vance-Chalcraft et al., 2007) .
Here, we pose the question, Can the trophic identities of arthropod populations be measured empirically and then characterized as beneficial for crop protection? To better frame the continuum between pest-and beneficial-status for a carnivore species, the trophic positions of individuals can be examined relative to their impacts on primary productivity (Fig. 1b) . Consumers at more basal trophic positions directly reduce plant productivity, while higher-order consumers have indirect, variable impacts on plants.
As an organism feeds higher on the food-chain, the nature of its trophic impacts on plants will tend to shift between positive and negative effects (Estes et al., 2011; Kaunzinger and Morin, 1998; Power, 1992) , wherein simple herbivory (trophic position 2) generates negative impacts on primary producers while strict carnivory (trophic position 3) generates positive impacts (Fig. 1b) . Between any two integer-based trophic levels, there are gradations of trophic omnivory (Coll and Guershon, 2002; Polis and Strong, 1996) , which include but are not limited to canonical omnivory (i.e., plant-and animal-consumption). Among canonical omnivores, the impacts on plants will depend on the consumer's ''proximity'' to trophic positions 2 or 3. Trophic position 2.5, for example, represents equal amounts of plant-versus animal-derived protein in the diet, and such consumers will likely have neutral impacts on plants (Fig. 1b) . Similarly, trophic omnivores feeding near position 3.5 will also tend to have negligible impacts on plants given that approximately half their dietary proteins would derive from herbivores and half from strict carnivores. Between trophic positions 2.5 and 3.5, consumers should generally have positive trophic impacts on plant productivity and thus can be characterized as beneficial for crop protection. It should be acknowledged that the non-trophic impacts of consumers are also quite important to plant productivity (Bruno and Cardinale, 2008; Steffan and Snyder, 2010) , but the magnitude and sign of these impacts are less predictable than those attributable to trophic interactions. As with lower trophic positions, the impacts of consumers at higher positions (e.g., positions 3, 4, and 5) will tend to oscillate between positive and negative effects on plants (Estes et al., 2011; Power, 1992) , but since any trophic impact on plants is indirect, the impacts of carnivores will be buffered by the number of trophic links ''away'' from plants (Fig. 1c) . Specifically, if a carnivore community feeds predominantly at trophic position 3, and all trophic groups in the system capture $40% of their food source, the carnivore community can be expected to increase plant productivity by approximately 16% (i.e., the carnivores reduce herbivore populations by 40%, and the herbivores reduce plant biomass by 40%; hence, À0.40 Â À0.40 = +0.16 = +16%). Likewise, carnivores feeding at trophic position 4 might be expected to reduce plant productivity by 6.4% (À0.40 Â À0.40 Â À0.40 = À0.064 = À6.4%). The magnitude of carnivore impacts, therefore, can be expected to exponentially decay with increasing trophic position, irrespective of prey capture efficiency (Fig. 1c) . This hypothetical framework suggests that apex carnivores will often have negligible impacts on primary production, and that meso-predators (trophic positions 2.5-3.5) will generally represent the beneficial organisms within an agricultural food web.
Placing a carnivore population at any point along a pest-beneficial continuum requires accurate measurement of trophic tendency. Among wild, free-ranging carnivores, this has remained an exceedingly difficult endeavor (Gannes et al., 1997; Martínez del Rio et al., 2009; Steffan et al., 2013) . Isotopic ''fingerprinting,'' referred to as compound-specific isotopic analysis (CSIA) or amino acid stable isotope analysis (AA-SIA), represents a new approach to the empirical measurement of animal trophic position and has been shown to provide accurate estimates in both marine (Chikaraishi et al., 2009 ) and terrestrial systems (Chikaraishi et al., 2011; Steffan et al., 2013) . The CSIA approach has focused primarily on the nitrogen-15 ( 15 N) ratios of two particular amino acids:phenylalanine and glutamic acid. Phenylalanine has often been used because the 15 N:
14 N ratio of this compound changes very little between trophic levels. As a result, phenylalanine closely reflects the background isotopic signatures of basal resources in the food web; conversely, glutamic acid exhibits substantial, consistent 15 N-enrichment with each trophic transfer (Chikaraishi et al., 2009) . By tracking the 15 N:
14 N ratios of these two compounds and using system-specific trophic position formulae (Chikaraishi et al., 2011) , verifiably accurate trophic position estimates can be generated for carnivores (Steffan et al., 2013) .
Prior to CSIA, isotopic analysis of bulk nitrogen (bulk-15 N analysis) was the primary means of estimating animal trophic position and has been widely used (DeNiro and Epstein, 1981; Minagawa and Wada, 1984; Newsome et al., 2007; Post, 2002; Vander Zanden et al., 1997) . N analysis differs from CSIA in that all nitrogenous compounds within a sample are combusted and analyzed, as opposed to isolating and characterizing the isotopic values of specific compounds. As a result, the isotopic signatures of all nitrogen pools within a sample are mixed together, generating ''noise'' around the trophic ''signal.'' Increasingly, flaws in this approach are being revealed, primarily associated with the degree of variability in inter-trophic enrichment (Gannes et al., 1997; Martínez del Rio et al., 2009; McCutchan et al., 2003; Steffan et al., 2013) . Inter-trophic enrichment of 15 N bulk can vary by more than an order of magnitude, sometimes even depleting between a consumer and its diet (Martínez del Rio et al., 2009; McCutchan et al., 2003) . When the inter-trophic enrichment factor diverges significantly from the widely used standard (i.e., 3.4‰), extremely inaccurate estimates of trophic position (TP) can result (Steffan et al., 2013) . Given the high variability intrinsic to the 15 N bulk inter-trophic enrichment factor, the use of 15 N bulk as a stand-alone method for TP estimation is suspect. Here, we have paired CSIA with conventional bulk-
15
N isotopic analysis to create a hybrid approach to the measurement of trophic position within a given habitat. While CSIA represents a powerful new tool for trophic position estimation, the method requires much attention to molecular derivatization and can be quite expensive, which may preclude its use if this severely limits the numbers of samples analyzed. Our goal in this work was to facilitate accurate measurement of carnivore trophic function without exclusive reliance on CSIA. By coupling CSIA-derived trophic position estimates with raw bulk-15 N data (within a given biogeographic ''arena''), it may be possible to effectively calibrate bulk-
N data, making the data more useful as a trophic position indicator. We applied this method to free-roaming arthropods focusing on six species common to agricultural systems. We test the hypothesis that our hybrid approach provides more accurate trophic position estimates than the traditional bulk-15 N method. In the process, we are able to examine many individuals of each species and characterize their trophic identities in terms of plant protection.
Methods
Specimen-collection and curation
Eight species of free-roaming carnivorous arthropods were collected via sweep-sampling from small (3-4 ha) agricultural fields (potato [Solanum tuberusum L.] and alfalfa [Medicago sativa L.]) at the US Department of Agriculture, Agricultural Research Service, Yakima Agricultural Research Laboratory in Wapato, Washington, USA. These taxa represented four insect (Chrysoperla plorabunda (Fitch), Coccinella septempunctata L., Lygus hesperus Knight, and Nabis alternatus Latreille) and four spider species (Oxyopes scalaris Hentz, Misumenops lepidus Thorell, Phidippus audax (Hentz), and Xysticus cunctator Thorell). C. plorabunda, C. septempunctata and species of Nabis are known to be intraguild predators, feeding on herbivores as well as carnivorous prey (Price et al., 2011) . Conversely, L. hesperus is a canonical omnivore, feeding both on plant and non-plant proteins (Eubanks et al., 2003) . The trophic tendencies of particular lynx (Oxyopes), jumping (Phidippus), and crab (Misumenops, Xysticus) spiders are less well known, though as with virtually all arachnids, they are carnivorous (Foelix, 2011) . At the same time, strictly herbivorous arthropods were collected to serve as representative prey items. Many aphids (Hemiptera: Aphididae), as well as larval Colorado potato beetles, Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae), were collected. All collections were conducted in July-August, 2010, and samples were curated in 70% ethyl alcohol. Each specimen was identified, then desiccated in a drying oven for 5-7 d before being pulverized into a homogenate. Two aliquots were drawn from each homogenate. One aliquot was preserved in a glass vial for bulk-15 N analysis, and the other aliquot was preserved for compound-specific (amino acid) 15 N analysis. All isotopic analyses were derived from a single specimen, except for aphids (each sample = 15-20 aphids). Arthropods were also reared in pure culture to create discrete trophic groups of known trophic position (Table 1 ). In these controlled-feeding trials, pea aphids, Aphis fabae Scopoli, were maintained as strict herbivores (trophic position 2.0) on bean Table 1 15 N isotopic ratios (‰) of glutamic acid (glu), phenylalanine (phe), and bulk- plants, Phaseolus vulgaris L. Green lacewings, Chrysopa nigricornis Burmeister, were reared as strict carnivores (trophic position 3.0), having fed only on the pea aphids. A subset of the C. nigricornis population was fed its siblings, creating a higher-order trophic group (trophic position 4.0). From each of the four trophic groups (bean plants, aphids, strict carnivores, tertiary carnivores), 3-4 samples were cleaned, then placed in glass vials in a À20 freezer. Each specimen was desiccated in a drying oven for 5-7 d, homogenized, and aliquots were drawn for subsequent isotopic analyses (Steffan et al., 2013 N analyses of consumer and diet biomass provide an estimate of animal trophic position (TP), based on the following formula (Minagawa and Wada, 1984; Vander Zanden et al., 1997) :
in which the difference between a consumer and its diet is divided by the degree of inter-trophic enrichment, D bulk , typically assumed to be 3.4‰ (Minagawa and Wada, 1984; Post, 2002) . The parameter, k, represents a scalar for the basal trophic level represented by the diet (typically, k = 2.0 for herbivores). For Eq. (1), the d 15 N diet parameter was estimated using common prey (aphids and larval L. decemlineata) within the resident arthropod community. Mean d 15 N diet was determined to be 2.76 ± 0.642‰ (N = 9).
Compound-specific isotopic analysis (CSIA)
Compound-specific isotopic analysis of N was conducted via established protocols (Chikaraishi et al., 2009 ) at the Department of Biogeochemistry, Japan Institute of Marine-Earth Science and Technology (JAMSTEC), Yokosuka, Japan. In brief, specimens are hydrolyzed and derivatized, allowing for the extraction of specific amino acids. The identities of the amino acids are verified via gas chromatography (GC), then combusted (C) within a furnace interfaced with an isotopic ratio mass spectrometer (IRMS). Using integrated GC-C-IRMS instrumentation, each target amino acid has its isotopic ratio analyzed independently. More specifically, each sample was hydrolyzed, and the hydrolysate was washed with n-hexane/dichloromethane. Derivatization was performed sequentially with thionyl chloride/2-propanol (1/4) and pivaloyl (Pv) chloride/dichloromethane (1/4), then isopropanol (iPr) (Chikaraishi et al., 2009 ). Amino acid abundance was determined by gas chromatography (GC) using a 6890 N GC connected to a flame ionization detector (FID) and nitrogen-phosphorus detector (NPD). The Pv/iPr derivatives of amino acids were injected using a programmable temperature vaporizing (PTV) injector (Gerstel) into a VF-35 ms capillary column (Agilent Technologies). The carrier gas (He) flow rate was controlled using a constant flow mode at 6.0 ml min
À1
. For each sample, the abundance of 11 amino acids (alanine, glycine, valine, leucine, isoleucine, threonine, aspartic acid, serine, methionine, glutamic acid, and phenylalanine) was quantified by comparison of the peak area of NPD chromatograms with external amino acid references. Then, stable nitrogen isotopic composition of amino acids was determined by gas chromatogra phy/combustion/isotope ratio mass spectrometry (GC/C/IRMS) using a 6890 N GC (Agilent Technologies) instrument coupled to a Delta plus XP IRMS instrument through combustion (950°C) and reduction (550°C) furnaces, countercurrent dryer (Permeable membrane, Nafion™), and liquid nitrogen CO 2 trap via a GC-C/TC III interface (Thermo Fisher Scientific). The Pv/iPr derivatives of amino acids were injected using a PTV injector (Gerstel) into an HP Ultra-2 capillary column (Agilent Technologies). The carrier gas (He) flow rate was controlled using a constant flow mode at 1.4 ml min
. To assess the reproducibility of the isotope measurement and to obtain the isotopic composition, reference mixtures of 9 amino acids (alanine, glycine, leucine, norleucine, aspartic acid, methionine, glutamic acid, phenylalanine, and hydroxyproline) with known 
where b corrects for the difference in 15 N signatures between glutamic acid and phenylalanine in C 3 plants (which averages 8.4‰), D glu-phe represents the net trophic discrimination between glutamic acid and phenylalanine, and k represents the basal trophic level (= 1) of the food-web. Net trophic discrimination (D glu-phe ) is calculated as the difference in glutamic acid and phenylalanine signatures between a consumer and its diet: (Chikaraishi et al., 2009 ). This enrichment occurs as consumed proteins are metabolized, synthesized, and routed within an organism (Chikaraishi et al., 2014) . Across a broad range of trophic levels, taxa, and ecosystem types, D glu-phe has been shown to be approximately +7.6‰ (Chikaraishi et al., 2009; Steffan et al., 2013) .
Coupling of TP glu-phe and bulk-
N data
A key element of our approach is that we confined our work to a relatively homogeneous geographic ''arena.'' Within such arenas, variability in background 15 N will tend to be reduced.
Background ''noise'' is a persistent problem when using bulk-15 N as a stand-alone method because it introduces unknown levels of isotopic enrichment or depletion within a food-web (Gannes et al., 1997; Martínez del Rio et al., 2009 estimates). Trophic position estimates were generated for three insect (C. septempunctata, L. hesperus, and N. alternatus) and three spider species (M. lepidus, O. scalaris, and X. cunctator). Across these taxa, 147 specimens were analyzed for their bulk-15 N signatures.
Mean trophic position (±95% CI) for each species was presented in relation to a generalized beneficial trophic range (2.5 < x < 3.5).
The mean TP ± 95% CI was selected as an ideal vehicle to capture the ''trophic spectrum'' (Polis and Strong, 1996) of a given consumer species, because a confidence interval represents the range of sample-means within which 95% of all sample-means should be found. Under repeated sampling, each sample generates its own mean, creating a population of means centered near the true mean. The CI effectively demarcates the range of trophic positions encompassing 95% of these means, and thereby serves as an analog of the actual biological population. Univariate analyses (one-sample t-tests, with one-tailed p-values) were used to assess whether the mean trophic position of a species differed significantly from the nearest integer trophic level. TP bulk values were distinguished from TP coupled using a non-parametric ANOVA (Kruskal-Wallis test on ranks).
Results
Coupling of TP glu-phe with bulk-
N data
Trophic position estimates (Eq. (2)) were generated using the d 15 N signatures of glutamic acid and phenylalanine extracted from organisms in pure culture (Steffan et al., 2013) , as well as from wild-collected specimens ( Mean trophic position and 95% CI were calculated for six insect and spider species, representing a total of 159 specimens (Table 2 , Fig. 3) . A common predator, the seven-spotted lady beetle (C. septempunctata), registered a mean trophic position of 3.47, which was significantly different from its nearest integer trophic level, TL-3 (t 18 = 4.36, p < 0.001), and represented a 56.6% overlap with the 'beneficial trophic range' (2.5 < x < 3.5). The predaceous damsel bug, N. alternatus, had a mean trophic position of 3.08, with 100% overlap of the beneficial range. The trophic position of N. alternatus was not significantly different from TL-3 (t 32 = 0.824, Mean trophic position of consumer is significantly different from its nearest integer trophic level. Bold text indicates incongruity with the known natural history of the consumer. Fig. 3 . Mean TP coupled (±95% CI) of six key arthropod species, relative to the beneficial trophic range (positions 2.5-3.5, highlighted in green). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) p = 0.208) but was different from TL-4 (t 32 = À8.82, p < 0.001). The lygus bug, L. hesperus, commonly considered a plant-feeding pest, had a trophic position of 2.28, with 16.4% overlap. The trophic position of this insect was significantly different from both TL-2 (t 26 = 1.79, p = 0.043) and TL-3 (t 27 = À4.50, p < 0.001).
Three spider species were examined: M. lepidus, X. cunctator, and O. scalaris. M. lepidus, a crab spider, registered a mean trophic position of 3.53 with 36.0% overlap of the beneficial trophic range. This trophic position was significantly different from both TL-3 (t 32 = 10.07, p < 0.001) and TL-4 (t 32 = À9.03, p < 0.001). Another crab spider, X. cunctator, had a trophic position of 3.08, with 100% overlap of the beneficial range. The trophic position of X. cunctator was not significantly different from TL-3 (t 23 = 0.732, p = 0.236), but was different from TL-4 (t 23 = À8.48, p < 0.001). O. scalaris, a lynx spider, fed much higher at 3.76, with 0% overlap of the beneficial range. This trophic position was significantly different from both TL-3 (t 10 = 12.80, p < 0.001) and TL-4 (t 10 = À4.05, p = 0.001).
Trophic position estimates were also generated using stand-alone bulk-15 N data (Eq. (1)) ( Table 2 ). Across our six arthropod species, the trophic positions estimated using bulk-15 N data alone (Eq. (1)) were consistently and significantly lower than those assessed via our TP coupled approach (Kruskal-Wallis ANOVA on ranks: H 1 = 26.87, p < 0.001).
Discussion
Population-scale characterization of carnivore trophic identity
The trophic history of an organism is encoded in the isotopic signatures of its amino acids (Chikaraishi et al., 2009; Steffan et al., 2013) . This isotopic information can be used to illuminate the trophic tendency of a consumer and thereby characterize its functional role within a community. However, to characterize empirically the trophic histories of multiple individuals across multiple species, many samples must be analyzed, and here a researcher will be confronted with the fact that CSIA analyses are rather involved, expensive, and time-consuming (Chikaraishi et al., 2009) . In contrast, bulk isotopic analyses are much simpler, faster, and cost-effective. The trade-off associated with bulk isotopic analysis is that this analysis often produces inaccurate, imprecise trophic estimates (Steffan et al., 2013) . To reconcile these trade-offs, we have created a hybrid technique that synthesizes the two approaches, in which CSIA-derived TP glu-phe estimates are used to calibrate simple bulk-15 N measurements. In effect, we have jettisoned the TP bulk estimate in favor of linking raw bulk-15 N data to CSIA-derived TP glu-phe estimates. Doing so allowed us to characterize the relationship between the two (via linear regression, Fig. 2 ), which then allowed subsequent bulk-15 N data to be readily converted into TP coupled estimates. The TP coupled estimate for each species in our study quantified the trophic tendency of a given population, revealing the degree to which the species likely contributed to plant protection (Table 2, Fig. 3 ). With the exception of the lynx spider (O. scalaris), all species overlapped to some extent with the 2.5-3.5 beneficial trophic range (Table 2 ; Fig. 3 ). The damsel bug (N. alternatus) and Xysticus crab spider both had trophic spectra well within the beneficial range. On average, such taxa would be contributing to plant protection and thus would be considered beneficial organisms. Conversely, the seven-spotted lady beetle (C. septempunctata) and Misumenops crab spider exhibited substantial degrees of intraguild predation (Fig. 3) . These two populations were likely neutral in terms of plant protection, given that they fed at relatively high trophic positions yet also had substantial overlap with the beneficial range (Table 1 ). These data suggest that their respective diets were composed of herbivore and carnivore prey in nearly equal proportions; alternatively, their prey may have been entirely omnivores (TP $ 2.5). Regardless, their positive impacts on plant protection were likely neutralized by their tendency to eat beneficial carnivores.
The lygus bug population in our study was distinctly omnivorous, and given its degree of overlap with the beneficial range, the lygus bugs might also be considered neutral to crop productivity. Lygus species are widely targeted as pests of agricultural crops, and much pest management effort is directed toward these polyphagous insects (Kennedy and Storer, 2000) , yet our data indicate that the lygus populations at our field site fed frequently on arthropod proteins, enough to raise their trophic position to 2.28. Lygus bugs are known to feed on both plant and animal biomass (Eubanks et al., 2003) , and our data quantify this predisposition, providing empirical measurement of the degree to which they mixed plant and animal proteins in their diets.
Within the beneficial/non-beneficial paradigm, the lynx spider, O. scalaris, appears to be a pest organism, warranting suppression efforts because of its high trophic position. It is unlikely, however, that this intraguild predator would generate significant impacts on the plants at the base of the food web, primarily because its impacts would be diluted with each successive trophic level (Fig. 1c) . This dilution can occur via multi-channel omnivory among opportunistic carnivores (Polis and Strong, 1996) , as well as via simple multiplicative dampening attendant to higher-order carnivory (i.e., if trophic group, n, consumes P proportion of its prey group, n À 1, then the impact of n on the basal resource can be approximated as P nÀ1 ). Lynx spiders and other higher-order carnivores, therefore, would likely not necessitate pest management efforts.
Comparison of the hybrid versus conventional trophic position estimation methods
We compared the trophic positions generated using our TP coupled approach to those of the conventional TP bulk method (Eq. (1)). Our data indicated that the TP bulk estimates were not only consistently and significantly lower than the TP coupled estimates (Table 2 ), but when the TP bulk estimates for several taxa were considered in light of their natural histories, the estimates were clearly incongruent. For example, using TP bulk values, the crab spider Xysticus registered a trophic position of 2.69 ± 0.213, significantly below trophic level 3.0, suggesting this carnivore was eating substantial amounts of plant protein. Herbivory among spiders is extraordinarily rare (Foelix, 2011) , and while there are a few notable exceptions, primarily deriving from nectar-feeding species (Carvell et al., 2015; Pollard et al., 1995) , the likelihood that nectar-meals are reducing the trophic positions of spiders is exceedingly small. The reason for this is that nectar is composed largely of water and sugar (De la Barrera and Nobel, 2004) , with only trace amounts of amino acids (Mattila et al., 2012) which tend to be available in unbalanced compositions, mirroring those of phloem (Gündüz and Douglas, 2009 ). Thus, the consumption of nectar by a spider may sustain higher activity levels, but represents a poor source of dietary amino acids or protein. For the crab spider, Xysticus, to have registered a valid trophic position of 2.69, nearly one-third of its diet would have had to have been plant protein.
If nectar was a significant source of such plant protein, the volume of nectar consumed by the spider would have been immense, forcing the spider to spend most of its time nectar-feeding and producing copious honeydew, much as a phloem-feeding insect would (Price et al., 2011) . It is reasonable, therefore, to doubt the validity of the reduced TP bulk values for Xysticus in our study. Likewise, the mean TP bulk value for Nabis (2.71 ± 0.194) was also significantly below 3.0, suggesting that almost every individual within the population had derived substantial amounts of protein from plants, which contradicts the well-documented trophic biology of nabids (Lattin, 1989) . Indeed, the nabidae are not only predaceous but also common intraguild predators (Price et al., 2011) , so it would be expected that their trophic positions would be at least 3.0. Again, there is reasonable doubt as to the capacity of the TP bulk method to provide valid trophic estimates within this community.
Characteristics of trophic omnivory
We articulated the trophic identities of wild, free-roaming arthropod species (Table 2; Fig. 3) , revealing a broad spectrum of trophic roles within the community, from canonical omnivory (plant and animal consumption) to higher-order carnivory. In the process, the observed trophic spectra suggest that omnivory manifests not only among polyphagous species (large betweenindividual variability creating substantial trophic breadth), but also among specialist populations (small between-individual variability, yet centered at non-integer trophic positions). Because each integer trophic level in a food web represents strict consumption of the adjacent trophic level (Pimm and Lawton, 1978) , any non-integer trophic position suggests that the consumer has either fed from multiple trophic levels, or has focused narrowly on omnivorous prey. In our study, the relatively narrow trophic spectra observed in Coccinella, Misumenops, and Oxyopes (Fig. 3) were focused at non-integer trophic positions, suggesting that while most individuals in each population were feeding quite similarly, they were trophically omnivorous. This represents evidence of the convergence of omnivory and specialization. Species exhibiting trophic omnivory, therefore, do not necessarily equate with a widely variable diet. The more redundant the feeding pattern among individuals, the narrower the trophic spectrum. Narrow trophic spectra among omnivores are quite interesting because they suggest that individuals in the population have eaten similar diets, despite having sampled resources ostensibly in a random, opportunistic fashion. Because Coccinella, Misumenops, and Oxyopes all had relatively narrow spectra centered at non-integer trophic positions, these populations were, functionally, specialized trophic omnivores.
Conclusion
By coupling CSIA with bulk-15 N isotopic methods, we have created a hybrid approach to trophic position estimation that improves significantly over conventional bulk-
15
N approaches. We demonstrate how this hybrid approach can accurately and affordably assay the trophic diversity of wild, free-roaming carnivores within a given community. Further, we have articulated a framework that characterizes trophic position in terms of ecological function (i.e., protection of primary productivity). Here, we provide evidence that carnivore populations can exhibit two distinct types of omnivory: (1) trophic breadth and (2) a non-integer central tendency. Indeed, four of the six arthropods we examined were centered at non-integer trophic positions (Fig. 3) , and only two exhibited feeding that was narrowly focused at TP $ 3, indicating they had fed consistently on herbivores and thus were beneficial to crop protection. The trophic identities we report in this study, however, will likely shift among communities and/or ecosystems, given that the trophic niche of a species is thought to be a function of the community in which the species is embedded (Chase and Leibold, 2003) . Importantly, the trophic identity observed for a species will likely bear a spatio-temporal ''stamp,'' and CSIA-based methods allow for assessments of shifting niches across space and time (Chikaraishi et al., 2014; Ogawa et al., 2012) .
